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ABSTRACT 

Theore t i ca l  and experimental  va lues  for t h e  contribu- 

t i o n  of core p o l a r i z a t i o n  t o  t h e  hyperf ine s t r u c t u r e  of 

excited states of chromium-53 are compared. 

veloped for e x t r a c t i n g  t h e  core c o n t r i b u t i o n s  to t h e  magnetic 

f i e l d  from t h e  measured hyperf ine cons tan ts .  It is necessary 
t o  take account of conf igura t ion  i n t e r a c t i o n  wi th  an a c t u a l  

conf igu ra t ion  of unpaired s e lec t rons .  

is deduced for t h e  magnetic f ie ld  a t  t h e  nucleus produced by 

core p o l a r i z a t i o n ,  

a n t i p a r a l l e l  t o  t h e  n e t  sp in  of t h e  atom, 

wi th  theo ry  and w i t h  t h e  r e s u l t s  of o t h e r  experiments.  

Cor rec t ions  due t o  r e l a t i v i t y ,  t h e  second-order Zeeman e f f e c t ,  

and t h e  breakdown of LS coupling are considered. 

A t heo ry  is de- 

A value  of -525,000 G 

The - s i g n  i n d i c a t e s  t h a t  t h i s  f i e l d  is 

This  is compared 
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INTRODUCTION 

In  1955 A b r a g a m ,  Horowitz, and Pryce showed t h a t  

t h e  magnetic f i e l d  a t  t h e  nucleus tna t  was r e spons ib l e  f o r  

hyperf ine s t r u c t u r e  i n  t h e  ground states of vanadium, manga- 

nese,  and cobalt w a s  a sum of t w o  fields. The f i r s t  f i e l d  

is  t h e  one t o  be expected f r o m  t h e  orbi ta l  and s p i n  motion 

of valence d electrons. 

t h e  admixture of conf igura t ions  conta in ing  unpaired s elec- 

t r o n s ,  

d e l e c t r o n s  a l l  have t h e i r  s p i n s  i n  t h e  same direction t o  

produce t h e  s ta te  of h ighes t  m u l t i p l i c i t y  according t o  Hund's 

ru l e .  The s e l e c t r o n  whose spin is i n  t h e  same d i r e c t i o n  as 

t h e  ma jo r i ty  of d ' s  experiences an exchange i n t e r a c t i o n  and 

is  raised t o  an u n f i l l e d  s o r b i t ,  Even a s m a l l  admixture of 

t h i s  excited conf igura t ion  c a n  produce a l a r g e  magnetic f i e l d  

because of t h e  Fermi con tac t  t e r m  of t h e  inner  unpaired s 

e l e c t r o n ,  Th i s  effect is  called core po la r i za t ion .  

They a t t r i b u t e d  t h e  second f i e ld  t o  

Such conf igura t ions  are important because t h e  unpaired 

As a r e s u l t  of t h e  f i r s t  Mijssbauer work, it w a s  dis- 

covered t h a t  t h e  magnetic f i e l d  a t  t h e  i r o n  nucleus was of 

t h e  r i g h t  magnitude bu t  opposi te  i n  d i r e c t i o n  t o  t h a t  a n t i c i -  

pated, 

could  q u a l i t a t i v e l y  expla in  t h i s  r e s u l t  al though t h e  quant i -  

t a t ive  agreement was unsa t i s f ac to ry ,  

Wstr;cn and Frc~-?n,(~) went on t o  g ive  a sys temat ic  theoret- 

ical  t rea tment  t o  t h e  genera l  problem of core p o l a r i z a t i o n  

i n  t h e  first r o w  t r ans i t j -09  elements as w e l l  a s  a summary of 
experimental  observat ions.  

in a d i v a l e n t  ion  should con t r ibu te  a magnetic f i e l d  a t  the 

nucleus  of approximately 115,000 G and t h a t  each d e l e c t r o n  

Two sets of au thors  (2# 3, showed t h a t  core p o l a r i z a t i o n  

One set of au thors ,  

They found t h a t  each d e l e c t r o n  ~, 
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2 i n  the (3dIn(4s) ground s t a t e  of f r e e  atoms should con t r ib -  

u t e  a f i e ld  of about 23,000 G .  

This  r a t h e r  remarkable desc r ip t ion  of a f i e l d  per u n i t  

s p i n  was i n  good agreement w i t h  experimental  r e s u l t s  f o r  t h e  

d i v a l e n t  i ons ,  b u t  t h e  agreement w a s  poor f o r  t h e  f r e e  atoms, 

The t w o  species d i f f e r  only i n  t h e  absence or presence of  t h e  

( 4 ~ ) ~  e l e c t r o n s  which l i e  e n t i r e l y  ou t s ide  t h e  3d s h e l l .  

would appear t h a t  theory  and experiment agree when t h e  excited 

e l e c t r o n s  are core e l e c t r o n s  i n  t h e  sense t h a t  t hey  l i e  with- 

i n  or a t  m o s t  over lap  w i t h  t h e  p o l a r i z i n g  d s h e l l ,  

it has been shown(5) t h a t  t h e  la tes t  experimental  r e s u l t s  

f o r  t h e  p o l a r i z a t i o n  f ie lds  i n  f r e e  atoms are i n  better agree- 

ment w i t h  t h e  c a l c u l a t e d  f i e l d s  than  w e r e  earlier measurements. 

However ,  t h e  f i e ld  va lues  deduced from observa t ions  are s m a l l ,  

and those  p red ic t ed  by theory  are t h e  r e s u l t  of c a n c e l l a t i o n s  

between much larger f i e l d s ,  Thus t h e  f i e l d  per u n i t  s p i n  i n  

t h e  ion  is  almost e n t i r e l y  quenched by t h e  a d d i t i o n  of t h e  

4s e l e c t r o n s  as can be seen from t h e  f i g u r e s  quoted above. 

It 

Recently 

Chromium is  p a r t i c u l a r l y  s u i t a b l e  f o r  t e s t i n g  t h e  above 

hypothesis .  

i t s  ground conf igu ra t ion  is (3d) 54s, 

(3d) 4p is  connected t o  t h e  ground state by an i n t e n s e  opti- 

ca l  resonance l i n e  i n  t h e  visible range and can t h e r e f o r e  be 

i n v e s t i g a t e d  by double resonance techniques,  

f ie ld  a t  t h e  nucleus f o r  t h e  (3d)54p conf igu ra t ion  should 

arise e n t i r e l y  f r o m  t h e  p e l e c t r o n  s i n c e  t h e  h a l f - f i l l e d  d 

s h e l l  couples  t o  a sphe r i ca l ly  symmetric 6 S 5 / 2  ground state. 
Core p o l a r i z a t i o n  con t r ibu t ions  t o  t h e  magnetic f i e l d  can 

t h e n  be s tud ied  a g a i n s t  t h e  r e l a t i v e l y  smaller f i e l d  due to 

Unique among t h e  f i r s t  r o w  t r a n s i t i o n  elements,  

An excited conf igura t ion  
5 

The magnetic 
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t h e  p e l ec t ron .  

z a t i o n  theory  for a free a t o m  i n  t h e  favorable  e l e c t r o n i c  

environment normally associated w i t h  t h e  ion.  

I n  t h i s  way one may v e r i f y  t h e  core polari- 

EVALUATION OF THE HYPERFINE STRUCTURE CONSTANTS 

A comparison be tween  theoretical  and experimental  

va lues  for t h e  magnetic Cield produced by core p o l a r i z a t i o n  

is m o s t  convenient ly  made through t h e  magnetic hyper f ine  

cons t an t  a (l) given by 
C 

4 'N 2 = - -  
c 3 I pox ' 

where pN is t h e  nuclear  moment (-0.4735 i n  t h e  case of chro- 

mium-53), I = 3/2 is  t h e  nuclear s p i n ,  and x is  t h e  magnetic 

f i e ld  produced by t h e  e l e c t r o n s  expressed i n  atomic u n i t s  

( e = m =  ti = 1). A value  for t h e  magnetic f i e l d  x i s  obtained 

from t h e  observed hyperf ine s p l i t t i n g s  w i t h  t h e  aid of t h e  

t heo ry  developed b e l o w .  

v a l u e s  f o r  t h e  hyperf ine cons t an t s  a for each of t h e  J levels 

of t h e  e x c i t e d  7P t e r m . ( 6 )  

s t r u c t u r e  by whatever mechanism t o  t h e  magnetic f i e ld  are 

reflected as corresponding con t r ibu t ions  t o  t h e  a value.  

For t h e  case of equiva len t  electrons discussed by 

T h e  experimental data c o n s i s t  of 

Contr ibut ions of t h e  e l e c t r o n i c  

A b r a g a m  a. t h e  a v a h e  i s  expressed-as a l i n e a r  combhn- 

a t i o n  of t h e  a va lue  t o  be expected f r o m  t h e  orbital  and s p i n  

motions of t h e  e l e c t r o n  ca l cu la t ed  i n  LS coupling and an a 

v a l u e  due e n t i r e l y  t o  core po la r i za t ion .  For nonequivalent 

e l e c t r o n s  there is t h e  additional problem of decoupling t h e  

e l e c t r o n  s h e l l s  as d i s c u s s e d  by T r e e s .  (7)  T h i s  may be done 

by s t r a i g h t f o r v z d  (S! or app l i ca t ion  of decoupling formulas,  



i n  t h e  following manner. 

s e n t a t i o n  i s  transformed t o  t h e  j 1 2  j J scheme where j 1 and j2 

are t h e  poss ib l e  j values  f o r  t h e  u n f i l l e d  s h e l l s .  For d5p 

7p t h i s  is e s p e c i a l l y  simple s ince  j 1 = 5/2 and j2  = 1/2 or 

3/2. 1 2  
uncoupled j m j m 1 1 2 2  
t h e  d e f i n i t i o n ,  (9) 

The wave func t ion  i n  t h e  LSJ repre-  

T h e  j j J M  basis is  t h e n  rep laced  by t h e  completely 

basis, and t h e  a va lues  c a l c u l a t e d  f r o m  

where t h e  f i r s t  mat r ix  e l emen t  i s  t h a t  of a f i r s t - o r d e r  t enso r  

operator i n  t h e  s t a t e  of h ighes t  M J' and tne second is  j u s t  t h e  

nuc lear  magnetic moment. 

of operators t h a t  act  upon t h e  d i f f e r e n t  s h e l l s  independently.  

To i l l u s t r a t e  t h e  s i m p l i c i t y  of t h i s  approach w e  have 

It is assumed t h a t  T e i s  t h e  sum 

f o r  t h e  t ransformat ion  of t h e  s ta te  of h ighes t  J. Then 
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6 s i n c e  A (  S ) vanishes  for t h e  h a l f - f i l l e d  d snell. Sirice 512 
A = aIJ ,  Eq.  ( 3 )  becomes 

(4) 

and t h u s  t h e  measured a va lues  a r e  related t o  t h e  s i n g l e  elec- 

t r o n  c o n t r i b u t i o n s ,  

The above method h a s  two a d d i t i o n a l  advantages. F i r s t ,  

it enables  one t o  relate t h e  c o n t r i b u t i o n s  of t h e  d i f f e r e n t  . 

s h e l l s  t o  t h e i r  uncoupled angular momenta. This  is e s s e n t i a l  

i n  order t o  inc lude  t h e  core p o l a r i z a t i o n .  By analogy w i t h  

Abragam -_. e t  a l .  we  replace Z ( ~ S , / , )  by a'!6S5/2) + a,, where 

a ' (  S5/2) i s  t h e  s p i n  and o r b i t  c o n t r i b u t i o n ,  z e r o  i n  t h i s  

case, and ac is  t h e  core t e r m .  (lo) 

6 

Thus Ea. (4) can be 

w r i t t e n  7 5 3 
a (  p4) = - a  + - a  8 c 8 3/2 ' 

(5 )  

where a f u r t h e r  s i m p l i f i c a t i o n  i n  n o t a t i o n  has been i n t r o -  

duced. The second a d ~ ~ i 1 2 ~ g ~  i-s t h e  e x p l i c i t  appearance of 

of f -d iagonal  matrix elements which occur ,  f o r  example, i n  t h e  

c a l c u l a t i o n  of a (7P3)  - I n  t h i s  case 

1 2P v2 12 6 2P 1 -) - - 
1/2 2 ' '5/2 3/2 ?) 

7 2 6  ' p3 3, = 5' %/2 2 

./30 6 3 2  3 
-Tz ' '5/2 5 '3/2 2) ' 

3- 

and t h e  hype r f ine  opera tor  connects  t h e  states rep resen ted  

by t h e  f i r s t  t w o  wave func t ions .  Such matrix elements may 

be e v a i u a t e d  by use c?f formulae i n  Lur io ,  Mandel, and Novick, 

and are d i s t i n g u i s h a b l e  by t h e  presence of a f a c t o r  5 which is 

d e f i n e d  by Schwartz. 

(11) 

I n  t h i s  way one arrives a t  t h e  
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following set of equations: 

3 a (  7 P4) = ‘ 5 ,  - + - a  
8 c 8 3/2 

25 + -  35 f -  
7 55 2 

a (  P 3 )  = -  72 a~ 27 a1/2 2 1 6  a3/2 216 Sa,/, I 

2.0 7 3 + -  105 + -  
162 a3/2 648 

* (6) 
a -  a (  i? 1 =-- 7 

2 

The measurad va lues  of the i n t e r a c t i o n  c o n s t a n t s  are repor ted  

i n  t h e  preceding paper.  (61 They are 

7 l a (  P 2 ) /  = 26.2 Mc/sec . 
A s  pointed out  i n  t h e  same paper ,  t h e  r e s u l t  i s  e n t i r e l y  

i n c o n s i s t e n t  wi th  a theo ry  of h f s  wh ich  ascribes the s p l i t t i n g  

t o  t h e  i n t e r a c t i o n  of pI wi th  only t h e  magnetic f i e ld  produced 

by t h e  outer  p e l e c t r o n .  Under the assumption t h a t  only t h e  p 

e l e c t r o n  makes a c o n t r i b u t i o c ,  t h e  magnetic i n t e r a c t i o n  con- 

s t a n t s  are e y x c t e d  t o  be i n  t h e  r a t i o  1 a(4) 1 : 1 a ( 3 )  1 : I a(2) I 
81: 140: 1G1, The above equat ions i n d i c a t e  t h a t  t h e  observed 

quenching cf t h i  kfs i n  the J = 3 l e v e l  i s  explained a t  l e a s t  

qca l i t c t i - ; e ly  by t h E  theory  including core p o l a r i z a t i o n .  

= 

To g e t  a soluble, i i i  f a c t  overdetermined, set of equa- 

t i o n s ,  one can  make t h e  s u b s t i t u t i o n s  5 = 1 and a, J-/ I., L - 5a3/2- 
The last assunpt ion implien t h e  neg lec t  of r e l a t i v i s t i c  e f -  

f e c t s  (discussed below) and of core p o l a r i z a t i o n  e f f e c t s  of 

- 
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t h e  p e l e c t r o n .  The equat ions a r e  n o t  c o n s i s t e n t .  The s i t u -  

a t i o n  is  n o t  improved by inc lus ion  of t h e  core p o l a r i z a t i o n  
f o r  t h e  p e l e c t r o n  according t o  t h e  simple theory  of Goodings. (12)  

A s a t i s f a c t o r y  explanat ion must be sought i n  another d i r e c t i o n .  

CONFIGURATION INTERACT ION EFFECTS 

ON HYPERFINE STRUCTURE 

I n  p resen t ing  t h e  theo ry  f o r  t h e  hyperf ine s t r u c t u r e  of 

t h e  d5p conf igura t ion  i n  chromium, w e  have sought t o  inc lude  

t h a t  p a r t i c u l a r  form of conf igura t ion  i n t e r a c t i o n  called core 

p o l a r i z a t i o n .  Under t h i s  t i t l e  w e  r e f e r  t o  t h e  admixture of 

conf igu ra t ions  of unpaired s e l e c t r o n s  produced by an exchange 

i n t e r a c t i o n  wi th  t h e  valence d e l e c t r o n s .  Moreover, there 
e x i s t s  an  overlapping conf igura t ion  (3d) 4 4s4p with  states of 

i d e n t i c a l  angular  momentum t o  those of d 5 p and an a c t u a l  un- 

paired s e l e c t r o n .  Resu l t s  of measurements on t h e s e  states 

are repor t ed  i n  t h e  preceding paper. (6) 

as t o  t h e  admixture of t h i s  nearby conf igura t ion .  

zweig.(l3) 

operator connecting t h e  7P t e r m s  of t h e  t w o  conf igu ra t ions  

can be w r i t t e n  as 

The ques t ion  arises 

Th i s  problem has  been d e a l t  w i th  success fu l ly  by Rosen- 

H e  shows t h a t  t h e  mat r ix  element of t h e  Coulomb 

- /2 rk2(SP,aP)  - 7 R  1 1  (sp,pd)] , 
L 5  

1 2 where R (sp,pd) and R (sp,dp)  a r e  Slater i n t e g r a l s  def ined  by 

Condon and Shor t ley .  (14) 

type is also important i n  expla in ing  gross f e a t u r e s  of atomic 

spectra such as  s h i f t s  i n  t h e  energy l e v e l s .  Values for t h e  

above i n t e g r a l s  have been deduced by Racah and h i s  coworkers 

Configuration i n t e r a c t i o n  of t h i s  
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by means of a least  squares  f i t  to t h e  energy levels of T i  I1 

and Cu 11. By i n t e r p o l a t i o n  one o b t a i n s  = R2 = 1480 c m - l  and 1 
;I 

R1 = 3510 cm-' for C r  II.(15) The va lue  of t h i s  matrix 3 
element i s  n o t  expected t o  change much i n  going  t o  t h e  f i r s t  

spectrum and is t o  be compared wi th  t h e  s e p a r a t i o n  of t h e  t w o  

t e r m s  of t h e  two c o n f i g u a t i o n s ,  A = 4432 an''. 

element given above and t h e  measured s e p a r a t i o n  are s u f f i c i e n t  

t o  describe t h e  conf igu ra t ion  admixture. 

of t h e  2x2 submatrix for the t w o  con f igu ra t ions ,  

The m a t r i x  

By d i agona l i za t ion  

The previous ly  de r ived  E q s .  ( 6 )  f o r  t h e  hyper f ine  con- 

s t a n t s  must be modified by inc luding  t h e  a v a l u e s  f o r  t h e  

d sp conf igura t ion .  These  are c a l c u l a t e d  by t h e  method out- 

l i n e d  above. The fact  t h a t  we are d e a l i n g  w i t h  t h e  state of  

h i g h e s t  m u l t i p l i c i t y  narrows t h e  choice of t e r m s  for each s h e l l  

t o  'D, 2S, and 2P, respectively. 

d i agona l  matrix elements mentioned above, we w i l l  encounter 

m a t r i x  elements of t h e  type  ('D4 31Te(1)!5D3 3 ) .  These can 

be related t o  t h e  on-diagonal ma t r ix  elements v ia  t h e  reduced 

matr ix  elements.  T h e  z n t i r e  a va lue  can be w r i t t e n  as a l i n e a r  

combination of a (  Dq!, a('E3), a( DZ), a(5D1), a (  S1l2)* 

4 

I n  a d d i t i o n  t o  t h e  off- 

5 5 2 

2 2 2 a (  Pl,2), a (  P3,2), Sa( P3,2), and rl d' where ad is t h e  core 

p o l a r i z a t i o n  produced by f m r  d e l e c t r o n s .  

q u a n t i t i e s  can be relate3 t o  one another  and w r i t t e n  i n  t e r m s  

of 

The f i r s t  four  
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W e  then make use of t h e  c o e f f i c i e n t s  i n  E q s .  (7) t o  arr ive a t  

a f i n a l  set  of equat ions  r e l a t i n g  measured q u a n t i t i e s  t o  s i n g l e  

e l e c t r o n  and core p o l a r i z z t i o n  a values:  

a(d5p 7P4) = 0.806(2 ac + g 3 a3/*) 

+ 0.820ad], a 1 
7 ’ 1 0 1 :  S 3/2 + 0.194;0.775 - cr 1-1 ( T ) ~ ~  + 0.109a - 0.056a 

a(d5p 7P3) = 0,806(- 55 a + - 3 5 a  ) 72 c 54 3/2 

+ 1.006ad] , + 0.194[0,743 - g p (y),, + 0,106a S + 0.145a3/2 
8 1 
7 I o r  

1 101 - 10 = 0.806(- a - 5 7  
a(d p P2) 9 c 216 a3/2 

55 3 5 a  ) 4 7  a (d  sp P3) = 0.194(- a + - 

+ 0.806[0.743 7 8 gIpo(-$3d 1 + 0.106as + 0-145a3/2 + 1.006ad] , 

72 c 54 3/2 

5 7  
= 0 ,  ia(d p P2)I where la (d  p P4)1 = 11.6 Mc/sec, la (d  p P3)I 

= 26.2, and la (d4sp  P 3 ) (  = 70.4. 

conf igu ra t ion  we hzvc subs t ika ted  

c o e f f i c i e n t s  of ad have been der ived by w r i t i n g  a (  D4) = 

a ’  (5D4) + ad, a(’D3) = 2 ‘  ( D3)  + ad, where t h e  t e r m  i n  ad is  
independent of J s i n c e  a s  noted above (lo) t h e  J dependence i s  

conta ined  i n  t h e  f a c t o r  gJ - 1, and gJ is  independent of J 

f o r  . 

four  unknowns by s u b s t i t u t i n g  3-25 7 for @T) 3d 

5 7  5 7  

7 I n  t h e  expressions f o r  each 

The = 1 and a112 = Sa3/*. 
5 

5 

5,, (16) 

One  may f u r t h e r  reduce Eq. (8) t o  four equat ions  i n  
(I7) The9 1 1 

0 
t h e  equat ions  can be solved for  va r ious  choices  of s i g n s  of 
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the measured hyper f ine  constants .  The only  choice of s igns  

i s  p l u s  for 

W i t h  

3/2 
which g ives  a p l a u s i b l e  r e s u l t  for a and a 

a ( d  p P2) and minus for the other measured a va lues .  

C 
5 7  

I this choice t h e  va lues  of 

a = +45.5 Mc/sec 
C 

and 

= -19.7 Mc/sec 
3/2 

a 

I are deduced. These compare w e l l  w i t h  t h e  r e s u l t s  obtained 

i n  the next  s e c t i o n  and wi th  the  Watson and Freeman predic-  

t i o n  discussed i n  a l a t e r  sec t ion .  These q u a n t i t i e s  (4) 

were found t o  be r e l a t i v e l y  independent of the  c o e f f i c i e n t s  

of a wi th in  the  l i m i t s  of t h e i r  u n c e r t a i n t i e s .  '16) The 

v a l u e s  obtained for a and a however, are extremely sens i -  

t i v e  t o  any change i n  the c o e f f i c i e n t s  of a 

s u r p r i s i n g  tha t  the computed va lues  of as = +3875 Mc/sec 

d 

d S 8  

Thus it is n o t  d' 

and a = -656 Mc/sec a r e  much l a rge r  than  the values one 

m i g h t  expect  and oppos i te  i n  s ign .  However, w i t h  a change 

i n  t h e  c o e f f i c i e n t  of a i n  Eq. (8c) from 0.795 to 0.745, 

w i t h i n  i t s  10% unce r t a in ty ,  the  following s o l u t i o n s  are 

d 

d 

obtained : 
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a = 51.4 Mc/sec 
C 

* 

= -26.2 Mc/sec 
a3/2 

= 17 Mc/sec a # d 

a =-654 Mc/sec 
S 

While ac and a are con- 

s i d e r a b l y  altered, and a l l  four va lues  are close t o  those  ex- 

pected,  

are n o t  g r e a t l y  changed, ad and a 
3/2 S 

EXTRACTION OF THE CORE POLARIZATION 

Since hyper f ine  s t r u c t u r e  measurements have been made 

i n  t h e  J = 3 states of both conf igura t ions ,  one can s o l v e  for 

the  core p o l a r i z a t i o n  con t r ibu t ion  t o  be expected from t h e  

d p conf igu ra t ion  a lone  by making use of Eqs. (8b) and (8d) , 
5 

This method is  f r e e  from errors i n  t h e  c a l c u l a t i o n  of a(d 4 s p ) ,  

f r o m  ambigui t ies  i n  t h e  c o e f f i c i e n t s  of  a and from uncer- 

t a i n t y  i n  t h e  va lue  of (l/r )3d. 

trary choice of s i g n  fo r  the measured a va lues  except  i n  

Eq. (8d) where  t h e  l a r g e  con t r ibu t ion  of a 

t i v e  s i g n  mos t  l i k e l y .  

d' 

It  also avoids t h e  arbi- 3 

makes t h e  nega- 
S 

I n  t h i s  way one ob ta ins  
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22.3 = - 5 5 a  + -  35 a 72 c 54 3/2 

can be made from the  f i n e  s t ruc -  
3/2 

An estimate for a 

(7 1 ture cons tan t  4, by use  of the formula 
4P 

where 5 is  i n  wave numbers, l ( a , Z )  = 1.0094 is a r e l a t i v -  
4P 

is t ic  c o r r e c t i o n  

p e l e c t r o n s ,  and 

ate 5 f r o m  t h e  
4P 

= z - 4 fo r  

is the  nuclear g factor. One can evalu- 

(18) 
‘i 

t a b u l a t e d  by Kopfermann, 

91 

known f i n e  s t r u c t u r e  of t h e  7P m u l t i p l e t  
1 ‘1 7 s i n c e  s ( ’ P )  = 5 and 45( P) = 112 c m - l  ( i n t e r v a l  r u l e  

6 4P 
-1 obeyed). Thus 5 = 168 c m  . This r e s u l t  is c o n s i s t e n t  

w i t h  a va lue  of 260 an-’ for 5 which has been determined 

f r o m  f i n e  and hyper f ine  s t r u c t u r e  measurements i n  t h e  d sp 

conf igu ra t ion  of Mn. (I9) 

and is found t o  be -43.0 Mc/sec. Then 

4P 

4P 
5 

From Eq. (10) a may be eva lua ted  
P 

8 
a3/2 = a p -F 15 r (3 /2 ,Zi )  

where F (3/2,2.) is another r e l a t i v i s t i c  c o r r e c t i o n  f a c t o r  r 1 

= -23.1 Mc/sec. We re- 
3/2 

t a b u l a t e d  by Kopfermann. Thus a 

t u r n  t o  Eq. ( 3 )  and compte ac* W e  f i n d  a- = +48.7 Mc/sec. 
b- 
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ZEEMAN, RELATIVISTIC, AND 

INTERMEDIATE COUPLING CORRECTIONS 

5 The a va lues  measured i n  t h e  3d 4p conf igura t ion  upon 

which much of t h e  foregoing a n a l y s i s  has  been based are either 

s m a l l  or zero.  It is  therefore necessary t o  consider  other 

effects which may poss ib ly  col i t r ibute  t o  t h e  hyperf ine con- 

s t a n t s .  

(a) Magnetic Field E f f e c t s  

I n  second-order pe r tu rba t ion  theo ry  t h e  magnetic f i e l d  

opera tor  connects  states of d i f f e r e n t  J bu t  t h e  same MJ. This 
2 r e s u l t s  i n  a s h i f t  of t h e  Zeeman levels p ropor t iona l  t o  (voH) . 

I n  eva lua t ing  t h e  hyperf ine cons t an t s  [ s e e  ref . (6) 1 ,  w e  equate  

t h e  t r a n s i t i o n  frequency hv to t h e  d i f f e r e n c e  i n  energy of the 

t w o  r e sona t ing  Zeeman l eve l s .  

m o s t  l i k e l y  be d i f f e r e n t  fo r  t h e  t w o  levels and w i l l  hence 

appear as a con t r ibu t ion  t o  a. 

c o n t r i b u t i o n  of such an effect t o  t h e  t r a n s i t i o n  frequency 

The second-order s h i f t s  w i l l  

It can be shown (20) t h a t  t h e  

2 can be w r i t t e n  as 
K O )  [P(J,MJ) - P(J,MJ-l)I (I-loH) 

EJ - EJ-l 
+ a t e r m  fo r  J + 1, 

(12)  

bv = 

w h e r e  
(J-L+S) (J+L-S) (J+L+S+l) (L+S+l-J) 

K ( J )  = 
4J2(2J-1)  (2J+1)  

2 and P ( J , M - )  = J2 - M, . For  t h e  s h i f t  i n  frequency of t h e  
J Ll 

17P4 4 )  -. I7P4 3) t r a n s i t i o n  a t  a t y p i c a l  f i e l d  of 300 G ,  we 

f i n d  hv  -0.01 Mc/sec, T h i s  is  n e g l i g i b l e  compared t o  t h e  

measured a values .  



(b) R e l a t i v i s t i c  E f f e c t s  

The r e l a t i v i s t i c  c o r r e c t i o n s  a l te r  t h e  r a t i o  a112 = 

5a312 s i n c e  

= a - 8 F (l /2,zi)  , 
a l /2  P 3  r 

= a -F 8 (3 /2 tZi )  . 
a3/2 p 15  r 

Values f o r  t h e  c o r r e c t i o n  f a c t o r s  taken from Kopfermann are 

Fr(1/2,20) = 1.0404 and Fr(3/2,20) = 1.0084. Since a 1/2 e n t e r s  

t h e  express ion  f o r  a(7P3)  i n  Eq. (6) w i t h  t h e  s m a l l  c o e f f i c i e n t  

2/27, t h e  s m a l l  modif icat ion i n  t h e  r a t io  due t o  r e l a t i v i t y  may 

be neglected.  

also alter t h i s  ra t io ,  b u t  no evidence f o r  t h i s  e f f e c t  exists 

i n  t r a n s i t i o n  elements.  The r e l a t i v i s t i c  c o n t r i b u t i o n  of t h e  

3d5 e l e c t r o n s  to t h e  hyperf ine s t r u c t u r e  has  been estimated t o  

C o r e  polarization produced by t h e  p e l e c t r o n  can 

be much smaller than  t h e  core p o l a r i z a t i o n  con t r ibu t ion .  (21 )  

(c)  Breakdown of LS Coupling 

I n  t h e  preceding paper (6) t h e  breakdown of LS coupl ing 

w a s  considered i n  t h e  l i g h t  of t h e  presence of intercombinat ion 

l i n e s  and was shown t o  have a negligible e f f e c t  on t h e  gJ 

v a l u e s  t o  t h e  p r e c i s i o n  of t h e  measurement. In  t h e  Appendix 

it is shown t h a t  t h e  wave func t ions  descr ib ing  t h e  admixture 

can be der ived  by t r e a t i n g  t h e  sp in -o rb i t  i n t e r a c t i o n  as a per- 

t u r b a t i o n  and can be w r i t t e n  

- 7  7 5 - I$ ( P3) = 0.999 $ (  P3) + 0.041 $ (  P3) , 

7 5 Ji ( P2) = 0.999 q(7p2)  4- 0.037 $ (  Pz)  # 

(14) 
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in g ~ d  q r e e m e n t  w i t h  t h e  empirically derived func t ions .  

Thus t h e  hyperf ine s t r u c t u r e  i n  t h e  ’P3 s ta te ,  i t s e l f  of the 

same order of mzgnitude t s  k the 7P3 state (neg lec t ing  con- 

f i g u r a t i o n  i n t e r a c t i o n )  , is  m u l t i p l i e d  by a s m a l l  c o e f f i c i e n t  

and may be neglect5d.  

The mechanism for core T o l s r i z a t i o n  d i scussed  i n  t h e  in-  

t r o d u c t i o n  i m p l i e s  a dizference i n  t h e  s p i n  d e n s i t i e s ,  1 (0) I 
- 1 Jr (0) 1 2, of t h e  imer s e l e c t r o n s  w i t h  s p i n s  i n  t h e  direc- 

t i o n s  inc?icated by the zr::ms. A convenient measure of t h i s  

2 
t 

1 

e f f e c t  i s  given by Watsori m d  Freeman (4) as 

where denotes  t h e  number of unpaired s p i n s  and p ( 0 )  = 

I Jr ( 0 )  I ’. 
by u s i n a  t h e  Toriversion factor 1 au = 4.21 x 10 G. Values 

f o r  x based on an a n a l y s i s  of experimental  hyper f ine  data f o r  

i o n s  i n  hydrated salts are t abu la t ed  in Table I together w i t h  

t h e  c o n t a c t  t e r m  effective f i e ld  Hc and a lso wi th  Hc/$ which 

is  t h e  f i e ld  Fer unpaired s p i n .  W e  see t h a t  x has a roughly 

c o n s t a n t  v a h e  of about -3 a u .  

With x i n  atomic u n i t s  (au) , Hc/S  is  found i n  gauss  
4 

The va lue  for ac ueported here can be converted t o  x 
w i t h  the help of Eq. 

(7 po = 2.12 i n  a t c m i c  u n i t s ) .  

from Eq. (9) w e  f i n d  y = -2 .5 z.u i n  <-cod acfreement . w i t h  

t h e  ion  va lues .  This corresponds to a magnetic f i e l d  a t  t h e  

nuc leus  of -525,000 G d.ue to core p o l a r i z 2 t i o n .  

(1) W i l e c  a+ is expressed i n  mil l i -Kaysers  

Using tkte va lue  of ac obta ined  
- 4 
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c0mm1soN WITH CYPHER EXPERIMENTS 

The experiment having t h e  m o s t  direct bea r ing  on t h e  
(22 )  on p resen t  problem is t h e  measurement of Chi lds  e t  a l .  

t h e  chromium ground s t a t e .  

82.5985&0.0015 Mc/sec. 

due t o  t h e  s e l e c t r o n  and neglec t ing  core p o l a r i z a t i o n  e f f e c t s .  

T h e i r  d i scuss ion  of core p o l a r i z a t i o n  i s  formulated somewhat 

d i f f e r e n t l y  from t h a t  given here and does no t  lead t o  satis- 

f a c t o r y  agreement between experimental  and p red ic t ed  values .  

I n  t e r m s  of t h e  formulation presented here, t h e  ground-state 

These au tho r s  f i n d  la(7S,)l = 

The t h e o r e t i c a l  va lue  is -144 Mc/sec 

wave func t ion  is  w r i t t e n  

17s3 3) = 

from which it fol lows t h a t  

(16) 

5 a  + 7 a (  S3) = - 6 c  

where I a(7S3) 1 = 82.6 Mc/sec and 

(17) 1 - a  6 s '  

- 1 = -144 Mc/sec. Since 
6 as 

4 t h e  s e l e c t r o n  is expected t o  dominate a s  i n  t h e  d s p  con- 

f i g u r a t i o n  d iscussed  above, we p r e f e r  t o  choose t h e  nega t ive  

s i g n  f o r  a(7S3) .  

g i v e s  a va lue  f o r  x of -3.7 au .  

found above may be due t o  an incomplete t rea tment  of configura- 

t i o n  i n t e r a c t i o n ,  t o  d i f f e rences  i n  t h e  core p o l a r i z a t i o n  of s 

and p e l e c t r o n s ,  or t o  u n c e r t a i n t i e s  i n  t h e  va lues  of as and 

5 Thus 6 a, = 61.4 and ac = 73.8 Mc/sec. This  

The d i f f e r e n c e  from t h e  value 

aP- 
I n  c o n t r a s t  t o  t h i s  rough agreement wi th  ion  va lues  f o r  

x obta ined  i n  the two experiments on khe h a l f - f i l l e d  d s h e l l  

i n  chromium, hyperf ine measurements on t h e  (3d) 54s4p 
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conf igu ra t ion  i n  manganese (19,23) show a n  almost t o t a l  lack 

of core p o l a r i z a t i o n .  

a n a l y s i s  of t h e  *P t e r m  of t h i s  con f igu ra t ion  ( w i t h  t h e  addi- 

t i o n  of a p e l e c t r o n  con t r ibu t ion )  j u s t  as it does f o r  t h e  

chromium ground s ta te .  W e  f i n d  

The combination Sac + as occurs  i n  a n  

Sa + a = 2230 Ma/sec for C r ,  
C S 

(18) 
Sa + as = 3680 Mc/sec for Mn, 

C 

where t h e  s i g n  and magnitude of t h e  g factors have been scaled 

t o  Mn. The t h e o r e t i c a l  va lue  fo r  a4s is  3700 Mc/sec. 

Winkler") has  shown t h e  presence of core p o l a r i z a t i o n  i n  t h e  

(3d) 4s4p conf igu ra t ion .  His t rea tment  is based on t h e  i n t r o -  

d u c t i o n  of  a " p o l a r i z a t i o n  gradien t"  t e r m  which is opposite 

i n  s i g n  t o  t h e  core polarization c o n t r i b u t i o n  and which can  

be eva lua ted  f r o m  isotope s h i f t  data. 

done on t h e  isotope s h i f t  i n  manganese, t h i s  new parameter can  

on ly  be estimated. 

Recent ly  

5 

Since  no work has  been 

SUMMARY 

The theo ry  f o r  core p o l a r i z a t i o n  proposed t o  exp la in  

t h e  hype r f ine  s t r u c t u r e  of t r a n s i t i o n  m e t a l  i ons  has been 

shown t o  be ii1 agreement wi th  experiments performed on excited 

c o n f i g u r a t i o n s  of free atoms. The i n t e r p r e t a t i o n  of t h e  ex- 

per iments  is  based on t h e  vanishing hyper f ine  s t r u c t u r e  i n  t h e  

7P s ta te  of t h e  conf igu ra t ion  (3d) 4p whose conf igu ra t ion  

i n t e r a c t i o n  w i t h  t h e  'P3 state  of t h e  overlapping configura-  

t i o n  (3d) 4s4p is  also taken  i n t o  account.  Hyperfine s t r u c -  

t u r e  measurements i n  states of both  conf igu ra t ions  permit t h e  

5 
3 

4 
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e x t r a c t i o n  of t h e  core p o l a r i z a t i o n  produced by t h e  h a l f - f i l l e d  

d s h e l l ,  A value for x of -3.0 au is found. The predicted 

va lue  is also about -3 au. When the  formalism developed here 

is app l i ed  t o  t h e  chromium ground state, a va lue  for x of 

-3.7 au i s  deduced. This  d i f f e rence  probably reflects t h e  

neg lec t  of a more complete cons idera t ion  of conf igura t ion  in-  

t e r a c t i o n ,  b u t  t h e  agreement is  nonetheless  encouraging. The 

chromium r e s u l t s  are i n  marked c o n t r a s t  t o  t h e  apparent  absence 
5 of core p o l a r i z a t i o n  i n  t h e  (3d) 4s4p conf igu ra t ion  i n  manganese, 
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APPENDIX 

We consider mat r ix  e l e m e n t s  of t h e  sp in -o rb i t  operator 
5 4 -> 

Kso = Si(r)Ri-si between states of t h e  d p conf igura t ion :  
1 

i 

3y t h e  mekkods of Racah (8) t h i s  can be shown t o  equal 

s'+L+J {" 11J(2s+ll (2S '+1)  (2L+1) (2L'+1) L' L J (-1) 

'd'S S S LL1 L2 L1 J 

1 2 1  

S1}{LI L a }  3 I 

35p { s s  

S1+S2+S+1+L +L +L+1 1 2  + (-1) 
s2 1 2 L2 L1 L2 

S1}{LI L a }  3 I 

35p { s s  

S1+S2+S+1+L +L +L+1 1 2  + (-1) 
s2 1 2 L2 L1 L2 

y.fhcxe t h e  r i . zkr iy  e lements  of t h e  double t enso r  V1' have been 

tabu1 pted by Slater . (24) 

The matrix elements of Wso can not: be eva lua ted  between 
5 7YJ 2nd each of t h e  5PJ 3 r i s i n S  E r o m  d p. 

states e x i s t  whose p a r e n t s  are 6S, 4P and 4D of d'. 

appropriate l i n e a r  ccmbination t h a t  corresponds t o  t h e  l o w e s t  

5P term czn be found by d iagonal iz ing  t h e  Coulomb operator 

be-3dsc.n t hzse  s t a t e s ,  T h i s  h a s  been done (25)  w i th  t h e  aid of 

na t r ix  elements  computed by Ishidzu and O b i  (26) us ing  t h e i r  

Three such q u i n t e t  

The 
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va lues  for F2, G1, and G3. The off-diagonal m a t r i x  elements 

are small ,  and t h e  s ta te  of lowest energy can be found using 

pe r tu rba t ion  theory.  I n  t h i s  way, one o b t a i n s  

5 5 4  
# (  P)  = 0.995 $(a5 6S p5p) - 0,101 $(d P p5P) 

5 4  - 0.110 +(d  D p5P) . 
Using t h i s  func t ion  one f i n d s  

, 
7 5 ./5 

( P 1" } P3) = 0.995 -zj- 5 -I- 0.1 
3 so P 

m (7P 2 IY so I5P2) = 0.995 $E 5, i- 0.1 3 5, . 
-1 (14) For 5, w e  may s u b s t i t u t e  168 cm'l and for 5,, 250 cm . 

The c o e f f i c i e n t  of t h e  q u i n t e t  s t a t e  admixed to t h e  septet 

is t h e n  simply t h i s  m a t r i x  element divided by t h e  energy 

s e p a r a t i o n  and is given i n  Eqs. (14) . 
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TABLE I 

Values of experimental hyperfine i n t e r a c t i o n  x, Hc, and Hc/C 

for t h e  d i v a l e n t  i r o n  series i n  hydrated sa l t s ,  (a) 

x (au) -2 -8 

H /$ (kG) -118 
C 

Hc (kG) -354 

-3 .1  

-130 

-650 

-2 .5  

-105 

-315 

-2.9 

-122 

-122 

(4) (a) T h i s  t a b u l a t i o n  g iven  by Watson and Freeman 

(1) from x's  reported by Abragam, 
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